Minarets are one of the specific structure types used commonly in Islamic Countries. Many minarets were damaged or collapsed during catastrophic events like earthquake. During an earthquake to understand the minarets' behavior are so important since dynamic response of these structures depends on a detailed understanding of their structural characteristics, such as geometrical shape, supporting system, mode shapes, natural frequencies and modal damping ratio etc. This paper examines in detail a Turkish style reinforced concrete (RC) minaret, its finite element modeling, modal analysis and earthquake analysis. A reinforced concrete minaret which is generally built in Turkey is selected as an application. Three-dimensional (3D) model of the minaret and its modal analysis are performed to obtain analytical frequencies and mode shapes using ANSYS finite element program. The minaret's linear transient analysis is carried out using the 1992 Erzincan earthquake ground motion record to obtain the earthquake behavior of the minaret. At the end of the study, the calculated displacement responses and maximum-minimum principal stresses concentrations for the minaret are briefly discussed and illustrated.
Introduction
Minarets are usually tall and slender tower structures with distinguished architectural characteristics and are constructed mostly next to the mosques. They were built with the aim of calling people to come to pray. Minarets have very different heights ranging from 15 to 210m and different designs, with one, two or three balconies. The tallest minaret in the world at 210m pertains to Hassan II Mosque in Casablanca, Morocco [1] . In the past, minarets in Turkey were built using solid brick masonry or stone blocks. But, the new generation minarets are recently made of reinforced concrete.
The great piece of land of Turkey is located within an active earthquake zone; because of this, Turkey has been exposed to so many destructive earthquakes. During these earthquakes, it is seen that many minarets were usually collapsed or severely damaged and many people have lost their lives and goods under the debris of minarets. The last earthquakes such as Erzincan, Afyon (Dinar), Kocaeli and Van confirm this information. Van earthquake (Mw=7.2) occurred in 2011 in Turkey has several damages and these are shown in Fig. 1 . Unfortunately, there are no structural code requirements or guidelines for the design of reinforced concrete minarets, or minarets in general, in Turkey. As a result, these slender structures have been built, for the most part, by experienced contractors and construction workers with no engineering knowledge. In most cases, each contractor constructs a typical minaret with the same structural and architectural features regardless of the local soil conditions or seismicity of the region [2] . Hence, the structural safety of minarets has become of increasing concern due to powerful lateral loading such as earthquake and wind. As a matter of fact, the dynamic behavior of the minarets is not adequately known. So, the dynamic behavior of the minarets must be determined, especially under dynamic loads such as earthquake and wind.
In the literature, some papers exist about dynamic behavior of the minarets. El-Attar et al. [3] carried out a study on the dynamic behavior of Mamluk style minarets damaged during the Dahshur-Egypt earthquake in 1992. The minaret was modeled using the finite element method and was analyzed to assess its dynamic characteristics and its response under different input ground motions. Higazy [4] El-Attar et al. [5] investigated the conservation of a slender historical Mamluk style minaret by passive control techniques. The seismic vulnerability of a representative Mamluk-style minaret, namely Manjaq Al-Yusufi is investigated and some seismic protection techniques are proposed and evaluated. A realistic 3D finite element model of the minaret that reflects those properties was constructed using COSMOS software. Ambient vibration tests were then performed on the minaret and its modal parameters such as fundamental periods and mode shapes were obtained. The ambient vibration test results were then used to update the finite element model. Ertek [6] studied about structural modeling and earthquake analysis of Ottoman minarets. Dogangun et al. [7] examined about the investigation of dynamic response of masonry minaret structures. To investigate the dynamic behavior of historical unreinforced masonry minarets, three representative minarets with 20, 25 and 30m height were modeled and analyzed using two ground motions recorded during the 1999 Kocaeli and Duzce, Turkey earthquakes. Pena et al. [8] describes the seismic assessment of the Qutb Minar in Delhi, India. Three models with different levels of complexity and simplification were developed. The use of these models allows one to overcome the complexity of the study of the seismic behavior of ancient masonry structures; by combining the results of the different models. It is possible to obtain a better and more comprehensive interpretation of the seismic behavior. Haciefendioglu and Birinci [9] studied the stochastic seismic response analysis of masonry minarets subjected to random underground blast and earthquake-induced ground motions by using a three-dimensional finite element model.
Altunisik [10] investigated the dynamic response of masonry minarets before/after FRP composite strengthening. Iskenderpasa historical masonry minaret dating back to XVI century with a height of 21m located in Trabzon, Turkey was selected as an application. Firstly, 3-D finite element model of the minaret was constituted using ANSYS software. Then, an analytical model of the minaret was analyzed using the 1992 Erzincan earthquake record, which occurred near the area, to determine the dynamic behavior. After this, the cylindrical body of the minaret was strengthened with FRP composite using different configurations and dynamic analyses were performed. In the study, dynamic responses of the minaret before and after FRP composite strengthening, such as displacements and maximum-minimum principal stresses, were compared. Bayraktar et al. [11, 12] studied about the historical masonry minaret, its finite element modeling, modal testing, finite element model calibration and seismic response. Modal analysis is performed on the developed 3D finite element model of the minaret to obtain the analytical frequencies and mode shapes. Portioli et al. [13] performed a seismic retrofitting of Mustafa Pasha Mosque in Skopje. Finite element analysis was carried out to assess the seismic behavior of the mosque and the efficiency of a carbon-fiberreinforced polymer-based strengthening technique. Gang et al. [14] studied about the seismic reliability of Guang Minaret in frequently occurred earthquake to see if it met the reliability criterion demand. Oliveira et al. [15] performed a series of in situ ambient vibration tests to old minarets of various sizes and compared results of frequencies with numerical modeling of the same structures.
Damages occurred on RC minarets are dependent on some factors such as detailing and properties of the structure and its components, soil properties, and the magnitude of the earthquake. Observations from recent earthquakes suggest that the damage in the minarets is usually concentrated in a few specific locations [21] . These damages occurred on RC minarets under seismic actions can be classified as follows; damages on spire, upper part of the minaret body, cylindrical body, transition segment and pulpit. Damage to spire, upper part of the minaret body, transition segment and balcony levels were encountered less frequently damage type [22] . Currently, there are so many constructed RC minarets in Turkey and the constructions of most of them are continuing still. However, there is no specific design code for the structural analysis of RC minarets which should be analyzed, designed and constructed in elaborative. Because of the lack of any code or standard, design and the construction of these tall and slender structures are mostly achieved by contractors or experienced worker which have no engineering knowledge, whereas, Turkey is a region that strong ground motions frequently occur [22] .
As seen in literature, many articles can be found about to behavior of historical masonry minarets. However, there are only a few studies related to behavior of RC minarets [1, 2, [16] [17] [18] . To this end, studies on behavior of RC minarets are meagre and need to be enlarged by inserting new studies. In the light of aforementioned researches, assessment of dynamic performance of a reinforced concrete minaret is performed in this paper.
Numerical application

Description of the Turkish style RC minaret
Turkish style minarets are basically comprised of three parts such as base, shaft and gallery. The base is reached from soil to floor. The shaft is a thin body of the minaret and stairs are placed cylindrically in the shaft to provide the necessary structural support for highly elongated shafts. The gallery is a balcony which encircles the upper section where the muezzins call out to pray. It is covered by a rooflike canopy and adorned with ornaments such as decorative bricks and decorated with painted tiles, cornices and arches. In Turkish style, parts of minaret are; footing as a base; pulpit, transition segment, cylindrical or polygonal body as a shaft; 
Description of the minaret
A reinforced concrete minaret which is generally built in Turkey is selected as an application. Details of the minaret are shown in Figure 3 . As can be seen in the Fig. 3 , the minaret is slim and its total height is 28.30m and has only one balcony on its body (shaft). In addition to these properties, there is a varying section concrete block along the minaret. Form the lower part of the pulpit to the upper part of the pulpit diameter of concrete block is 0.50m. In transition segment diameter of concrete block is varying. From the upper part of the transition segment to the lower part of the spire diameter of concrete block is 0.30m. There are 129 stairs from the floor to the upper part of minaret and they have 0.172m step height. In the diameter of concrete block is 0.30m, each set of stairs has an inner and outer radius of 0.15m and 0.80m, respectively.
Finite element modeling
The ANSYS finite element program is used to obtain analytical modal parameters. Mesh size is chosen as 0.20m. Therefore, in the finite element method (FEM) of the minaret, 44241 threedimensional (3D) SOLID186 elements, which exhibit quadratic displacement behavior are used. When the structural solid geometry property of the SOLID186 element is examined, it can be seen that the elements appear to be made of tetrahedral, pyramid or prism options in the finite element mesh model of the minaret. Each element has 20 nodes and each node has three degrees of freedom translations in the nodal x, y and z directions. The boundary conditions are defined by restraining all degrees of freedom under the bridge abutments, commonly known as fixed boundary conditions. In addition, it has the abilities of plasticity, hyper elasticity, creep, stress stiffening, large deflection and large strain capabilities [19] . The model which is used in this minaret system, FEM and body of the minaret and stairs are used as shown is Fig. 4 .
Characterization of material properties and boundary conditions, which must be taken into consideration in the analytical analysis, is very important for thin and tall structures such as minarets. In this study, to obtain the dynamic characteristics of the minaret, the elasticity modulus, Poisson's ratio and mass per unit volume are given in Table 1 .
In the model, linear elastic material behavior is assumed. Rayleigh damping with five percent damping ratio is used in the linear dynamic analysis. The initial boundary conditions, all of the degrees of freedoms under the footing part of the minaret are fixed. such as natural frequencies, mode shapes and damping ratios of the engineering structures experimentally. In Figure 5 , the first seven mode shapes and natural frequencies of the minaret obtained from analytical modal analysis are illustrated. Mode shapes are more or less similar in all modeled minarets. They are in pairs (orthogonal in the plane x-y) and torsion appears only in higher frequencies. As shown in Figure 5 , the first six modes are bending modes and seventh mode is torsional mode.
Structural periods, natural frequencies and dynamic mass participation factors were estimated for the first seventh modes of the minarets and are given in Table 2 . The first period is approximately 0.8 seconds for the minaret. The frequencies of the first two modes are very close to each other due to partial symmetry feature of the structure. The mode shapes of the first and second modes which are given in Figure 5 also show a great resemblance as a result of the partial symmetry. The data in the table show that the contribution of the first mode to the dynamic response is %42 in X direction and % 6.6 in Y direction. The higher modes affect the dynamic behavior of minaret structures. 
Linear earthquake behavior
In this research, earthquake behavior of the minaret is investigated. Linear transient analysis of the minaret is carried out using ERZIKAN/ERZ-NS component of 1992 Erzincan ground motion (Fig.  6 ) . Element matrices are computed using the Gauss numerical integration technique [20] . The Newmark method is used in the solution of the equation of motion. Rayleigh damping constants were calculated between the first mode and the seventh mode of the minaret, assuming a 5% damping ratio. Alpha and beta coefficients were calculated as 6.64 and 0.0088, respectively. Because of needed too much memory for the analyses, the first 6.5 seconds of the ground motion, which is the most effective duration, are taken into account in calculations.
The horizontal displacement along to the height of the minaret at the time of maximum response is given in Figure 7 . It is seen that the displacements increase along the height of the minaret and that the maximum displacement (at the top of the minaret) is obtained as 16cm. Besides, the time histories of the horizontal displacements (with a peak value of) 16cm for analysis at the top of the minaret subjected to the Erzincan ground motion is presented in Figure 7 . 
Conclusions
This paper examines in detail a Turkish style reinforced concrete (RC) minaret, its finite element modeling, modal analysis and earthquake analysis. A Turkish style reinforced concrete minaret is selected as an application. The model minaret's total height is 28.30m and has only one balcony. A 3-D finite element model of the minaret was performed using ANSYS software and its dynamic behavior was determined using 1992 Erzincan earthquake. In this study, the following observations can be obtained:
• A total of ten natural frequencies are obtained from the dynamic analysis of the minaret, which range between 1.13-33.56 Hz. The first six modes are bending modes and the last mode is torsional mode.
• The horizontal displacements increase along to the height of the minaret and the maximum displacement occurs at the top of the minaret with a value of 16cm at 3.27s.
• Maximum and minimum principal stress occurred at the region between the transitions segment and they are equal to 28.2 MPa and 24.8 MPa, respectively. Therefore, it is likely that damages and cracks during the earthquake loading can occur at transition region and minaret's cylindrically body.
